Abstract: Spatial distribution, diversity and composition of eukaryotic ultraplankton community of the northern South China Sea (nSCS) surface water and the relationship with the in situ water environment were investigated by the method of polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE). A total of 18 DGGE intensive bands were detected and the sequence analysis of these DGGE bands revealed that Alveolata was the dominant eukaryotic ultraplankton group of surface water in the nSCS (50%). Other species belonged to Bicoecea, Bolidophyceae, Polycystinea and Chlorophyta, which accounted for less proportion of eukaryotic ultraplankton in the study area. Unweighted pair group method with arithmetic averages clustering of the sampling stations indicated that all stations were classified mainly based on geographical proximity. Redundancy analysis (RDA) was employed to further investigate the relationships between DGGE band pattern and the environmental variables. Based on the RDA analysis, temperature, salinity, phosphorus and silicate were the important factors to shape the eukaryotic ultraplankton community composition in the nSCS.
Introduction
Marine eukaryotes between 0.2 and 5 µm in diameter, as the essential of the microbial food webs, play a key role in climate processes and biogeochemical cycles, particularly the carbon cycle (Lane et al. 1994; López-García et al. 2001; Zubkov & Tarran 2008; Mangot et al. 2009 ). The eukaryotic ultraplankton cannot be discriminated by conventional approaches for being elusive and small size. Fortunately, molecular biological techniques based on the amplification and sequencing of 18S rRNA genes has opened the possibility of studying microbial diversity. A majority of diversity studies are hampered by the need to create large clone libraries to characterize true sequence diversity (Kemp & Aller 2004; Potvin & Lovejoy 2009; Koid et al. 2012) . However, analysis of clone libraries is time-consuming and it is not suitable for many different samples. Denaturing gradient gel electrophoresis (DGGE) fingerprinting technique allows processing of many samples simultaneously, which is necessary for such studies.
In recent years, DGGE has been widely applied to investigate the community analysis in different ecosystems, such as oceanic waters (Díez et al. 2001a; López-García et al. 2001; Moon-van der Staay et al. 2001; Marie et al. 2006; Ling et al. 2012) , fresh waters (Lindström 2004; Gremberghe et al. 2008; Yan et al. 2008) , and soil Zaady et al. 2010) . It has been proven that the DGGE of 18S rDNA is a high efficient method for eukaryotic microorganisms' study (Díez et al. 2001a; Savin et al. 2004) . Statistical analysis facilitates the analysis of the relationship between the environmental factors and members of picoeukaryotic community Yu et al. 2008) .
The South China Sea (SCS), as one of the largest marginal seas in the world, is abundant in biotic resources. The SCS is located in the subtropical and tropical northwest Pacific Ocean, and its environment is complicated and changeable. The northern SCS (nSCS) takes on significant environmental gradients owing to the discharge of the Pearl River and is also influenced by many types of physical forcing, such as monsoon, perennial cold cyclonic eddy, Taiwan Shoals, Kuroshio Current and so on (Morton & Blackmore 2001; Chen et al. 2006; Lin et al. 2011) . The eukaryotic ultraplankton 558 Z.-Y. Jiang et al. community in the nSCS has remained elusive, although a few studies were conducted in bacterial community (Lai et al. 2006; Li et al. 2006 Li et al. , 2007 Ling et al. 2012) . In this paper, the aims were to (1) examine the diversity and spatial distribution of marine eukaryotic ultraplankton with DGGE of 18S rDNA in the nSCS, and (2) establish the relationship among the environmental characteristics, eukaryotic ultraplankton distribution and phylogenetic diversity.
Material and methods

Study area and sample collection
The SCS is a semi-closed sea with an area of 3.5×10 6 km 2 and an average depth of about 1,350 m. The SCS is located approximately between 3 • S and 23
• N in the northeast to southwest orientation and from 102
• E to 121
• E in the east-west direction (Morton & Blackmore 2001 • 46 E, 117
• 38 E) (Liang 1985; Xu et al. 2010) . The study area lies in the nSCS (18
, which is connected to the western Philippine Sea of the Pacific Ocean through the Luzon Strait. The Pearl River, as the largest river draining into the nSCS, carries the considerable loads of anthropogenic nutrients (Han et al. 2012) . The nSCS has an extensive continental shelf with a variable offshore extension along the southern coasts of China.
Samples were collected from 16 stations during the SCS Open Cruise by R/V Shiyan 3, South China Sea Institute of Oceanology, Chinese Academy of Sciences, from 19 August to 13 September 2011 (Fig. 1) . Seawater samples were taken using 5 L GO FLO bottles at surface layer according to the protocols of "The specialties for oceanography survey" (GB12763-91 China) (Wang et al. , 2008 . After each sample collection, the surface water for phylogenetic analysis (1 L) was filtered onto 0.22 µm pore-size polycarbonate filter (Millipore Isopore, Bedford, USA) after pre-filtration through 5 µm pore-size PVDF filter (Millipore Durapore, Bedford, USA). The filters were snap frozen in liquid nitrogen and then stored at −20 
Physical and chemical analysis
Temperature and salinity of the stations were measured with a Sea-Bird SBE9 Conductivity-Temperature-Depth (CTD) profiler (USA). The chemical characteristics, including concentrations of nitrate (NO3-N), nitrite (NO2-N), ammonium (NH4-N), silicate (SiO3-Si), phosphorus (PO4-P) and dissolved oxygen (DO) and were analysed according to Wang et al. (2006 Wang et al. ( , 2008 Wang et al. ( , 2011 . All sample analyses were carried out within two weeks of the end of this cruise in our laboratory.
DNA extraction and PCR amplification
The 0.22 µm pore-size polycarbonate filters were cut into small pieces and transferred into the extraction tubes. DNA was extracted from the filters (Helbling et al. 2001 ). The precipitated DNA was re-suspended in 20 µL of TE buffer (10 mM Tris-HCl, 1 mM Na2EDTA; pH 8.0). The DNA concentration was adjusted to a concentration of 100 ng/µL for PCR. The 18S rRNA genes were amplified by nested PCR in order to reduce the PCR bias. The nested PCR amplified a region including variable regions V1 to V3 (Díez et al. 2001b ). The two sets of primers: EukA/EukB and Euk1A/Euk516R-GC (Table 1) were used to amplify a fragment of 18S rDNA approximately 560 bp long. A 40 bp GCrich sequence (GC-clamp) was added to the 5' end of primer Euk516R to allow suitable migration and separation of PCR products in the DGGE gel. The PCR mixtures (50 µL) contained 0.2 µM of each primer, 0.2 mM dNTP, 2.5 U Taq DNA polymerase (Takara Shuzo Co. Ltd., Otsu, Japan), 1×PCR buffer and 100 ng DNA template. The PCR program for primer EukA/EukB included an initial denaturation at 94
• C for 4 min, followed by 35 cycles of denaturation at 94
• C for 60 s, annealing at 55
• C for 60 s, and extension at Table 1 . Oligonucleotide sequences used for PCR in this study (Díez et al. 2001b DGGE analysis DGGE was performed with the DCode universal mutation detection system (Bio-Rad, Hercules, CA, USA) using 1-mm-thick 6% polyacrylamide gels (ratio of acrylamide to bisacrylamide, 37.5:1) in 1×TAE buffer (40 mM Tris, 40 mM acetic acid, 1 mM EDTA; pH 7.4). The 100% denaturating solution was composed of 7 M urea and 40% deionized formamide (v/v). Standard agarose gel electrophoresis was used to size and quantify the PCR fragments. Equal amounts of PCR products (40 µL PCR product with 7 µL 6×loading dye) were separated on a gel containing a linear gradient of the denaturants from 30 to 45%. DGGE was performed at 60
• C for 10 h at a constant voltage of 100 V. After electrophoresis, the gels were stained for 15 min in ethidium bromide solution (0.5 mg/mL), washed with distilled water for 10 min, and photographed with the AlphaImager imaging system (Alpha Innotech Corp., San Leandro, CA, USA). The gel images were analysed by Quantity One 4.6.2 software (Bio-Rad, Hercules, CA, USA) to calculate the band profiles, the densities and migration patterns of the bands.
Cloning, sequencing and phylogenetic analysis Individual bands were aseptically cut from the DGGE gel and soaked in 20 µL of TE buffer (10 mM Tris and 1 mM EDTA; pH 8.0) overnight at 4
• C to elute DNA. The eluted DGGE band was used as the template to re-amplify the target segment with the primer set Euk1A/Euk516R without a GC clamp. The PCR products were loaded in agarose gel to check the size and purified using Bioteke multifunctional DNA purification kits (Bioteke Corp., Beijing, China). The purified DNA was ligated into pMD 18-T Vector (Takara Shuzo Co., Ltd., Otsu, Japan) and subsequently transformed into E. coli DH5α cell (Tiangen Biotech Co., Ltd., Beijing, China) according to the manufacturer's instructions. Three positive recombinants of each band were then sequenced with M13 primer using an ABI 3730 DNA Sequencer at the Shanghai Major Bio Technology Co., Ltd. (Shanghai, China).
The partial 18S rRNA gene sequences were compared with that available in GenBank (Benson et al. 2013 ) to identify sequences with highest similarity using the BLAST tool (Altschul et al. 1997) . Phylogenetic trees were constructed using MEGA 5 software (Tamura et al. 2011 ) with the neighbour-joining method (Saitou & Nei 1987) . The evolutionary distances were computed using the maximum composite likelihood method and were in the units of the number of base substitutions per site. The level of support for the phylogenies derived from neighbour-joining analysis was gauged by 1,000 bootstrap replicates (Kämpfer & Glaeser 2012) .
Statistical analysis DGGE digital image was analysed by Quantity One 4.6.2 software (Bio-Rad, Hercules, CA, USA) to generate a densitometric profile. The peak areas of the fingerprint patterns were used to indicate the intensities. The bands were detected when the relative peak area to total peak area exceeded 1%. Band position and intensity data of each sample were exported to an excel format for further statistical analysis (Zhang et al. 2009 ). Dice coefficient was calculated and then dendrogram was constructed using the unweighted pair group method with arithmetic averages (UPGMA) by the Quantity One software. The Shannon-Weaver index H was calculated by using the following equation (Shannon & Weaver 1963) : H = −ΣPi ln Pi, where Pi is the proportion of a single band in each lane. It was calculated from Pi = ni/N , where ni is the area of a peak and N is the sum of all peak areas in each lane.
To determine the relationship between environmental factors and ultraplanktonic species distribution, the multivariate statistical analysis was conducted by redundancy analysis (RDA), which is a linear method of direct ordination (ter Braak 1994). For the analysis, the abundance of DGGE bands and eight environmental variables (temperature, salinity, NO3-N, NO2-N, NH4-N, SiO3-Si, PO4-P and DO) were selected. The data were log-transformed before RDA to eliminate the influence of extreme values on ordination scores. RDA was performed using CANOCO for Windows 4.5 (Biometris, Wageningen, The Netherlands).
Nucleotide sequence accession numbers Sequences reported in this paper have been submitted to the GenBank database (Benson et al. 2013 ) under accession numbers KF494202-KF494219.
Results
Environmental characters
Physico-chemical characterizations of the surface water samples are shown in Table 2 . The variables of temperature, salinity, NO 3 -N, NO 2 -N, NH 4 -N, SiO 3 -Si, PO 4 -P and DO at different sampling stations were obviously different. Station A8 had the highest salinity of 33.82 practical salinity unit (psu). Station A2 had the maximum concentration of SiO 3 -Si (8.25 µM), which was more than 41 times of station A8. Station A3 had the maximum concentration of NO 3 -N (4.22 µM). Station A1 had the maximum concentration of NO 2 -N (0.38 µM), which was 19 times of station B3. The maximum concentration of DO was seen at station A2. Community composition DGGE gel analysis yielded a total of 243 detectable bands in 31 different positions (Fig. 2) . Each band is considered to be an operational taxonomic unit. The number of operational taxonomic units detected per site ranged between 11 and 23 with an average of 15. The Shannon-Weaver diversity index (H ), reflecting the structural diversity of the ultraplanktonic community, was calculated on the basis of the number and relative intensities of bands on the gel track (Fig. 2) . As shown in Table 3 , the range of index value varied from 2.32 to 3.06 (mean 2.63). The lowest index was detected at station C1, while the highest index was found at station A2.
The similarity in the composition of eukaryotic ultraplankton communities, as visualized by UPGMA clustering, was clustered into five subgroups (Fig. 3) . For example, stations C1 and A7 clustered together in a subgroup. Stations B3 and A8 were in the same group. Stations B4, A5, B2 and A4 were in the same cluster. Stations A2, C3, C2, B1, A9 and A1 were in the same cluster.
Phylogenetic positions of 18S rDNA gene sequences A total of 18 DGGE bands were successfully sequenced. All the obtained sequences have been assigned to the GenBank nucleic acid sequence database with accession numbers KF494202-KF494219. The closest matches for the sequences retrieved were determined by a BLAST search (Table 4) . According to Table 4 , most of the sequences were similar to 18S rDNA sequences reported from uncultured eukaryote present in environmental samples from seawater of the Equatorial Pacific Ocean, the Eastern North Pacific, the Persian Gulf, the South China Sea, etc. The percentage similarity of clones and its closest BLAST hits ranged from 90 to 100%, respectively. Alveolate sequences were by far the most abundant and diverse in our samples (Fig. 4) . Alveolates contain marine Alveolata Group I, marine Alveolata Group II and Dinoflagellate taxa. Nine sequences of bands (Y9, Y17, Y14, Y11, Y6, Y10, Y13, Y24 and Y26) were Alveolata-like, and two (Y15 and Y18) were Bicoecea-like. Although bands Y2 and Y5 were related to Bolidophyceae-like sequences and three bands (Y3, Y21 and Y25) fell into the Polycystinea cluster, band Y4 belonged to Chlorophyta. Band Y12 was related to uncultured eukaryote (JN832708), and the phylogenetic position has been unknown.
Relationship between environmental variables and eukaryotic ultraplankton community structure The influences of eight environmental characteristics on species composition were statistically tested by using RDA analysis (Fig. 5) . Separate analyses were made to detect the influences of temperature, salinity, NO 3 -N, NO 2 -N, NH 4 -N, SiO 3 -Si, PO 4 -P and DO. Eigenvalues for the first two multivariate axes were 0.113 and 0.095, respectively. The sum of all canonical eigenvalues was 0.486. Species-environment correlations for both axes were more than 0.832. Based on RDA, axis 1 was negatively correlated with temperature, PO 4 -P, SiO 3 -Si, NO 3 -N, NO 2 -N, NH 4 -N and DO, and the correlations coefficient values were −0. 5319, −0.2620, −0.5470, −0.2493, −0.1231, −0.0250 and −0.0660 , respectively, while it was positively correlated with salinity (r = 0.3189). Axis 2 had a negative correlation with NH 4 -N, with the value of −0.1221, but had a positive correlation with the other seven environmental characteristics.
As shown in Figure 5 , all the sites except A8 were generally separated on the two ordination axes. The species composition of station A2 showed a clear positive correlation with the concentration of PO 4 -P, and station B2 showed a clear positive correlation with salinity. It was clear that the species composition of sampling stations had a positive correlation with S, including the stations A2, A3, A4, A7, A8, B2, C1 and C2. The species composition of stations A5, A6, A9, B1, B3, B4 and C3 were positively correlated with the concentration of NH 4 -N.
Discussion
Eukaryotic ultraplankton is widely distributed in marine systems and difficult to identify by microscopy di- rectly because of the small size. In addition, not all the marine eukaryotic ultraplankton can be cultivated in the laboratory, therefore, it is very important to conduct the culture-independent method to study the marine eukaryotic ultraplankton (Moon-van der Staay et al. 2001) . Fortunately, protocols in molecular biology are widely used in analysis of marine eukaryotic ultraplankton (Díez et al. 2001a,b; Moon-van der Staay et al. 2001) . Here, the DGGE technique was introduced to reveal the structures and compositions of different marine eukaryotic ultraplankton assemblages in the nSCS. Cluster analysis of eukaryotic ultraplankton communities showed that there were distinct differences among the sampling stations (Fig. 3) . Stations B3 and A8 were in the same cluster because they lied in the middle of Luzon Strait, which was the communicate channel of the Pacific Ocean and the South China Sea. Stations B2 and B4 were located near the Dongsha Islands while stations A4 and A5 were near the Zhongsha Islands. Likewise, stations A3 and A6 were in the same cluster owing to being near Xisha Islands and Luzon Island, respectively. It has been reported that stations located near the island had the similar bacterial community (Ling et al. 2012) . The distribution of eukaryotic ultraplankton may be influenced by the island effect. Stations C2 and C3 were seated in the Pearl River plume (Gan et al. 2009 ). Stations C2, C3, A1, A2, B1 and A9 clustered together in the same group since that they were situated near island or continent and they were affected by nutrient inputs from terrigenous origin. These stations were more influenced by human activity than other stations. Stations C1 and A7 were all sited a certain distance away from the continent and they had more eukaryotic ultraplanktonic species in common. This was consistent with the result of Shannon-Weaver index. Station A2 had the most bands and largest Shannon-Weaver index, while station C1 had the least bands and smallest Shannon-Weaver index (Table 3 and Figure 2 ). The reason may lie in the fact that station A2 was seated near Xisha Islands and Hainan Island, however, station C1 were far from the island and continent. The distance between land and sampling station may play an important role in the biological distribution of the sampling station.
The Alveolata was the predominant eukaryotic ultraplanktonic species based on the DGGE profiles in this study. Other species belonged to Bicoecea, Bolidophyceae, Polycystinea and Chlorophyta, which accounted for less proportion. The absence of sequences from larger cells, such as diatoms, despite their ubiquity in the SCS (Ning et al. 2004) , may be on account of the approach taken specifically targeted ultraplankton. The previous study has shown that Alveolata is one of the major and important eukaryotic lineages (Leander & Keeling 2003) and presented in many kinds of marine environment (Moon-van der Staay et al. 2001; López-García et al. 2001; Díez et al. 2001a,b; Zeidner et al. 2003; Guillou et al. 2004; Not et al. 2004 ). The group of marine alveolates accounted for 50% of the sequences in this study, suggesting that these organisms are crucial components of marine eukaryotic ultraplankton in the nSCS. This was similar to the previous study by Yuan et al. (2004) , who reported that the dominant small eukaryote from the coastal waters of Nasha Islands is Alveolata, and it accounted for more than 43% in the environmental rDNA libraries. Marie et al. (2006) mentioned that Alveolata accounted for 42% in the eukaryotic picoplankton communities of the Mediterranean Sea.
The relationship between the phytoplankton community and the water environmental parameters has been investigated in aquatic environments (Romo & Tongeren 1995; Gasiunaite et al. 2005; Sun et al. 2006; Suikkanen et al. 2007; López-Flores et al. 2009; Salm et al. 2009; Bernardi Aubry et al. 2013) . Suikkanen et al. (2007) reported that dissolved inorganic nitrogen was the major factor shaping the phytoplankton community structure in the open northern Baltic Sea. Sun et al. (2006) mentioned that the temperature and hydrodynamics in conjunction with the pattern of nutrients availability (dissolved inorganic nitrogen, dissolved inorganic phosphorus and the N/P) and depletion affected the phytoplankton composition. Yan et al. (2008) indicated that the eukaryotic community composition was mainly correlated with the concentrations of DO, PO 4 -P, and SiO 3 -Si in the Three Gorges Reservoir Region. In the present study, the correlations of the first two RDA axes (0.851-0.952) indicated that eukaryotic ultraplankton was strongly correlated with environmental variables (temperature, salinity, PO 4 -P and SiO 3 -Si). Station A8 (Fig. 1) was far from the two RDA axes (Fig. 5) probably because that it was located in the middle of the strait, being heavily affected by the exchange between the Pacific Ocean and the SCS. Station A9 was affected by terrigenous runoff from Taiwan Island, and it did not show a positive correlation with salinity. Station B2 lied in the area of Taiwan Shoals, and it showed a clear positive correlation with salinity, Stations A2, A3, A4, C1 and C2 were located in the region of perennial cold cyclonic eddy, and they showed a positive correlation with PO 4 -P and temperature.
In conclusion, this was the first report to investigate the structure and distribution of the eukaryotic ultraplankton community and their link to the coupled environmental parameters in the nSCS. The Alveolata was the predominant eukaryotic ultraplanktonic species in the study area. Temperature, salinity, phosphorus and silicate indicated to have a significant impact on the community structure of eukaryotic ultraplankton of the nSCS.
